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I(2~ITION , COMBUSTION, DETONATION, and
QUENCHING OF REACTIVE MIXTURES

Three different topics of the research program have been in-
vestigated during this report period

1 APRIL 1977 to 31 MARCH 1978

I. INVESTIGATION OF THE MBCHANI SM OF FLAZ€ QUENCHING

A. INTRODUCTION

Although many stadies~~
9 on the determination of quenching

distances of flames of gaseous pre-mixed fuel-oxidizer mixtures have
been reported in the literature , an adequate theory for predicting
flame quenching has not been published. It is not known whether
quenching is accomplished primarily by ener~ r losses from the flame by
means of thermal conduction or by destruction of active radicals by
means of diffusion and/or inhibitors. The following study was under-
taken to elucidate the mechanism of quenching by means of a novel
quenching device which permits a detailed experimental ex~minntion of
the quenching process.

1~.tuch experimental as well as theoretical work has been done on
the topic of flame quenching notably in the four areas reported. below.

1. Use of Halogenated Compounds for Flame Inhibition or Flame Quenching

Burdon et 8.1.1 studied the chemical nature of the combustion
products resulting from the addition of methyl bromide to hydrogen-air
and carbon monoxide-air mixtures. It was found that the limit flame
temperature ( close to either fuel-lean or fuel-rich limit) of these
mixtures was substantially and progressively raised by the increasing
additions of methyl bromide both on the lower- and upper- limit sides.
This increase in limit flame temperature was attributed to the chemical
intervention of methyl bromide in the flame reactions • Belles and
O’Ne al2 studied the efficiency of the various halogenated flame-
extinguishing agents by adding these to propane-air mixtures. It was
concluded that a halogenated extinguishing agent which results in
higher values of average rate constants for fuel-air-agent reactions, in
general, was more effective in flame quenching, when comparison was
based. on the same volume of the agent added. Rosser et al.3 measured
the flame speeds of methane-air mixtures containing various halogenated
ext ~nguishing agents and found that halogenated compounds which reduce
the flame speeds of methane-air-agent gas mixtures are better ex-
tinguishing agents . Wilson et al.~ studied the structure of methane-
oxygen flames inhibited by hydrogen chloride , hydrogen bromide, and

• chlorine. From a comparison of the composition and reaction rate• profiles of the unquenched methane-oxygen flames with those 01’ methane-
oxygen-agent flames it was concluded that fire extinguishers should

• 1

•

~~

• 
•
~~~ 

~~~~~~~~~ • : • . 
• 
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add the ha].ogenated extinguishing agent when the mixing of the oxidizer
and fuel is taking place rather than when the combustion is nearly
complete and that the extinguishing agent should be stable enough so
that it can react with the active species before undergoing decomposition.
Larsen5 studied the effect of a very large number of halogenated ex-
tinguishing agents on hydrocarbon fuel-oxidizer flames and compared
their extinguishing characteristics with those of inert gases. It was
concluded, that halogenated compounds are effective as flame suppressants
in direct proportion to their molecular weights. Halogenated agents
play a dual role in the suppression of flames . Their primary role is
similar to that of inert gases; i.e., they act as heat sinks . In ad-
dition to this primary mechanism they appear to act as fuels once they
are heated to high enough temperatures and this is where these agents
enter into the reaction mechanism of the flames . In this role the
halogenated agents would be flame suppressants only within the context
that the addition of excess fuel to a flai able mixture produces a
nonflasmiable mixture.

For all of these halogenated extinguishing agents the flame-
extinguishing property is attributed to the destruction of active
chain carriers generated in the combustion zone . These radicals
greatly affect the reaction mechanism of’ the fuel-oxidizer flames.
Because of this behavior the ha.logenated extinguishing agents are of
con~id.erable importance to the physical chemist but their role in flame
quenching is limited to some very special cases.

2. Attenuation or Quenching of Flames by the Addition of Powdered Salts

Dolan6 studied the effect of fine powders of sodium bicarbonate
and alkali halides on the igeition of methane air mixtures. These
powders were introduced in the form of a suspension into methane-air
gas mixtures and the mixture was then igeited by a spark . He concluded
that inorganic dust suspensions inhibit the explosion of a methane-
air mixture because the large surface area of the dust cools the ad-

• vancing flame. Laffite and Bouchet7 observed the suppression of
explosion waves in methane-oxygen, propane-oxygen, isobutane-oxygen,
and hydrogen-oxygen mixtures to which fine powders of various salts
have been added. It was found that both deflagrations and detonations
(in the pre-detonation stage) can be suppressed by the addition of
powdered salts. Iya et a]..8 studied the mechanism of attenuation of
methane-air flames to which powdered sodium bicarbonate and sodium
ta.rtrate had. been added. It was found that flame inhibition through
the addition of these salts is a homogeneous process. These in-
hibitors reduce the peak OH concentrations in the flame and promote
the recombination of free radicals . McHale9 studied the mechanism of
flame quenching of the after-burning plume of a rocket motor to which
v9rious potassium compounds were added.. It was concluded that these
compounds, when introduced in powdered form into the exhaust gas , are
vaporized in the combustion zone to produce gaseous products that react
with the active species via homogeneous gas reactions.

2



V

Whereas the addition of powdered salts , like that of halogenated
compounds, to combustible gas mixtures affect primarily chemical
kinetics of the flame, for many practical applications, flame arrestors
are needed which utilize mechanical means.

3. Flame Quenching and Attenuation by Means of Metal Chokes, Wire
Gauzes , Synthetic Foams , etc

Egerton et al. LO used sintered metals to quench the flames of
stoichiometric mixtures of hydrogen or methane with oxygen. These
investigators found that sintered. bronze can be used as a flame arrestor
even when the gases are flowing. There appeared to be no relation between
the efficiency of the arrestor and its porosity but an increase in the
thickness o± the arrestor improved its quenching efficiency. Sintered
stain1e~s steel was found to be less effective than sintered bronze .
It was also found that sintered metals are less effective in arresting
methane-oxygen explosions that hydrogen-oxygen explosions. Pai.mer11
studied the quenching of propane-air flames by wire gauzes made from a
variety of metals. Using wire gauze arrestors mounted in a short
vertical tube and with explosions initiated at the open end of the tube
it was concluded that there was a critical velocity of approach below
which the flame was quenched and above which the flame passed through
the arrestor. Dixon~

2 made a detailed experimental study of propane-
air flames which he arrested by metal screens and synthetic foams . He
concluded that flame speed is an important parameter in evaluating the
effectiveness of various arrestor materials . Metal screens were ef-
fective when flame propagation rates were low but did. not stop fast
flames. On the other hand, foams arrested fast flames and allowed slow
flames to pass through . It was found that the type of material, pore
size, thickness, and the flame speed at the time of arrest influenced
the quenching process.

Although metal screens, synthetic foams, etc • can be used to
quench flames effectively, they are not suitable for studying the
mechanism of flame quenching. Their use for this ~*irpose involves a
great deal of parametric data gathering which ultimately may not provide
helpful design criteria for the construction of effective arrestors.

4. Investigation of Quenching Mechanism of Flames and the Design of a
Flame Arrestor Model

Blanc et a].. ~~ 14 while studying the mechanism of flame quenching
in different fuel-oxidizer mixtures , initiated the flames with a
powerful electric spark between two parallel glass plates of variable
separation. The flames continued to propagate only when the distance
between the two parallel plates was greater than the quenching distance
of the fuel-oxidizer mixture; otherwise the flame was quenched . The

• distance between the plates at which the flame just failed to propajate
was considered to be equal to the quenching distance . Friedman15’
used a rectangular burner with adjustable width . Once a steady flame
was established above the burner port , the gas flow was suddenly stopped .

3
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The flame then either flashed back or was quenched , depending on whether
the burner width was greater or ~m~i 1 er than the quenchin g distance .
The maximum width of the burner at which the flame no longer entered upon
flow reduction was taken to be equal to the quenchi ng distance • Nair
and Gupta17 measured quenchi ng distances for c ercial butane-air
flames with a variable-width slot provided in a constant-volume spherical
bomb . Ionization probes were used to indicate the quenching of the flame .
The slot width was adjusted until no signal was obtained from the
ionization probes arid this slot Width was assumed to be equal to the
quenching distance.

Blanc et ~~~~~~~~~~ and Friedznazi,15’ ‘~ while investigating the
quenching of flames by solid surfaces and. making querichiDg distance
measurements, concluded that the nature of the solid surface dx es not
affect the quenching distance . It was found that quenchi ng distances
were virtual ly the same for copper , mica, or glass surfaces as well as
glass surfaces coated with salts of high chain -bre aking efficiency . It
has been inferred that a.U types of’ sur faces are equally effective in
promoting the free radical recombinations . Thus the various materials
with widely different thermal conductivities apparently did not produce
any change in the quenching distance of the various fuel-oxidizer
mixtures.

A brief ’ discussion of’ the theories of previous investigators on the
mechanism of flame quenchi ng is given below .

Friedman15 measured quenching di stances of’ hydrogen-o xygen-inert
gas flames and. derived the following equation , which is based. on the
assumption that the flame quenching process is primarily controlled
by heat conduction :

= 

~~~~~~~ 

(
~ 

~~~~~~~~~ om, (1)

where

= flame quenching distance ,

a t~hermal conductivi ty of the gas mixture,

a flame speed ,

c a heat capacity per unit volume of’ the cold gas ,

TF a flame temperature,



Tjg = ignition temperature of the gas mixture ,

= unburned or cold gas mixture temperature, and

f = dimensionless geometrical factor of the order of’ unity.

According to Eq. (1) the quenching distance is dependent on flame
speed, thermal conductivity, heat capacity, flame temperature, and
ignition temperature of the gas mixture • He showed that an equation
based on the assumption that quenchi ng is primarily controlled by dif-
fusion of active species does not produce the measured quenching
distances of hydrogen-oxygen-inert gas mixtures . Friedman and JoImston~~• have also studied the quenching of propane-air flames . They concluded
that the quenching distanc e depends on the initial gas pressure and the
initial temperature of the quenching plate surface ; the quenching
distance decreases as the quench ing surface temperature is increased.
They investigated also the effect of initial temperature of the gas
mixture and observed that for propane-air flame s the quenchi ng distance
is proportional to the minus 0.91 power of press ure and. minus 0.5 power
of the absolute temperatur e of the gas mixture .

Simon et a1.~
8 studied some lean hydrocarbon-air mixtures and.

developed an equation for predicting the flame quenchi ng distances of
these mixtures . They assumed. that diffusion of active species was
predominent and formulated the following equation for calcu lating the
quenching distance:

d
Q 

= [ 
~~ ((~~~~~Nf) (P~~

D
H + 

p0/D0 + pO~
/DOH )] cm, ( 2)

where

A = fraction of the molecules present in the gas phase which must
react so that the flame can continue to propagate,

= specific rate constant for the reaction between the active
• particles of kind i and the fuel molecules,

= flame temperature ,

N~ = number of fuel molecules per cc ,

p1 = partial pressure of kind i of active particles i — H, 0, or OH,
and

5
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= diffusion coefficient of kind I of active particles in the
gas at reaction zone temperature and. pressure.

The authors showed that Eq. (2) is capable of’ giving quenching distances
which agree with the measured quenching distances for lean hydrocarbon -
air flames at suba buospheric pressures. Accord ing to Eq. (2) the quenching
distance is a function of initial gas pressure.

A similar equation was also proposed by Berlad19 who studied the
quenching of propane-oxygen-nitrogen mixtures . He concluded that an
equation based on diffusion pr ocesses only can be used successfu.U.y to
predict propane-oxygen-nitrogen quenching distances. His studies were
also made on flames burning at subatmospheric pressures. Flame
quenching studies of Simon et al. 18 and Berlad~~ have shown that the
flame-quenching distanc e is definitely a function of the initial gas
mixture pressure. It was shown by these investigators that for the
same fuel-to-oxidizer ratio the quenching distance decreases with the
increase in the initial gas pressure. This effect was to be expected
since the diffusion coefficient varies inversly with pressure .

Since the equations for the quenching distance by both Simon
et ~~~~~~ and. Berlad19 have been based on the assumption that diffusion
controls the flame propagation exclusively, the the ories indicate that
the destruction of chain carriers at the surfac e plays an important
role in the flame quenchi ng pr ocess.

Berlad and Potter,2° while working with slot burners of three dif-
ferent surface geometries, have shown that the quenching distance is
a function of the surface geometry of the burner . They shoved, through
a set of equations, that it is possible to formulate a relationship
between quenching distance and the dimensions of the burners at a given
pressure. These equations were tested by determining experimentally
the quenching distances of downward propagating propane-air flames as
a function of fuel-air ratio and. pressure , for rectangular slots ,
cylinders , and cylindrical annuli .

Relationships between combustion wave parameters and quenching
distances, based purel~ on thermal considerations, have been tabulated
by Lewis and von Elbe . 1

FORMULATION A1~1D OBJECTIVE OF PROBLEM

An adequate mechanism for flame quenchi ng has not been established.
It is not known whether the process of flame quenchi ng is primarily
thermal or primarily d.iffusional or a combination of both. This Lack
of understanding exists in spite of the numerous investigations which
have been carried out on this topic . Furthermore, all previous
studies dealt only with the fundamental problem of flame quenching and,
therefore, no efforts were made to develop any criteria for the design• of flame arrestors.

6



1
In the present investigation, a fixed-slot copper rectangular burner,

with a high length-to-width ratio , was designed and constructed . The

I flames were quenched by squeezing them between two movable parallel
plates . The flame quenching apparatus is shown in Fig. 1. This
techni que of flame quenching is free from trial and error ; in addition

J the errors introduced in the measurement of quenching distance due to
the downward movement of the gas mixture at the time of quenching are
eliminated . This burner design has the following advantages:

1 
1. Spectrog raphic observations of both the unquenched and partially

quenched flames can be made because the flame cone of a recta ngular
burner can be easily focused on the spectrog raph slit.

J 2. Different fuel-oxidizer mixtures can be used for mRkirlg quenching
distanc e measurements .

1 3. The effect of geometry of the burner, gas speed, and Reynolds number of
of the gas mixture on the quenching distance can be ascertained
easily .

1 11.. By using different quenching plate materials , the effect of the
nature of the material upon the quenchi ng distance can be determined.

i The effect of various catalytic compounds , which may contribute to
I flame quenching through the destruction of active chain carriers ,

can be studied by coating the quenching plate surfaces with these
compounds. A long duration contract of the flame with the quenching

I surfac e can be achieved.

5. The effect of plate temperature and also that of the gas mixture on
the quenching distance can be studied.

6. The role played by radical diffusion in flame quen ehing can be
studied by mAklng both qualitative and quantitative use of the
spectrog rams obtaine d for the unquenched as well as the partially
quenched flames. The under standing of the radical diffusion in
flame quenchi ng can be further aided through mass spectrc metr y
since flame samp les for mass spectrometric studies can be read ily
drawn fran steady flames.

II. DESCRIPTION OF APPARA1US

1. Burner Design

Two Bunsen-type copper rectangular burners were designed and con-
structed . Copp er was preferred over stain less steel becau se of its
higher ther mal conductivi ty, easy machineabi lity, and ease of handling.
A rectangular slot burner is better than a circular type for taki ng

• apectr oscopi c pictures of the flame . As pointed out by Gaydon,22 a
rectan gular type burn er produces an app reciable increase in the
brightness of the flame image and weighs the inner cone more highly

7
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Fig. 1 Photograph of the Flame-~~enching Apparatu s with Burner No. 1
in place .
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than the interconal gases. The inner cone of the flame is photographed
in the direction of the long side of the slot . This type of burner
also produces a relative ly thick reaction zone as compared to a
circular burner . Ordinary conical Bunsen- type flame s on circular
burner tubes are not suitable for detailed e,rRml nation of the structure
of flame front becaus e the light from all parts of the reaction zone

• is superposed. 22

Schematic views of two burner s employed in the present experiments
are shown in Fig. 2 and 3. It has been pointed out by Gaydon and
WolThard 23 that for laminar flow to prevail in the burner , the Reynolds
number should be less than 2300 and the m4n1~m~im length of the burner
to establish such a flow is approximately

= O.O5R d~ ~

where

= the minimum length of the burner required in cm,

= hydraulic diameter of the rectangu lar burner in cm;
dh = 2ab/a+b ,

Re = Reynolds number ,

a = long side of the slot in cm, and

b = short side of the slot in cm.

In the present case two different burners were used with the following
dimensions :

Burner No. l a = 2 . 5 1 i . cm, b = O . 3 2 cm

Burner No. 2 a = O . 6 l ~~cm, b = 0 . l 7 cm

so that

dh ( for Burner No. 1) = 0.57 cm
and

dh ( for Burner No. 2) = 0.17 cm,
hence

I~~~~ ( for Burner No. l ) = 65.55 cm
and

~~~~ ( for Burner No. 2) = 31.05 cm.

9
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In computing these lengths , corner effects of the rectangular
slot on the required minimum burner length have not been considered.

In the present experiments both the burners had a length of 70 cm
and the Reynolds number never exceeded 600 for Burner No. 1 nor 2000
for Burner No. 2. The requirement that for a smooth flow Wd be of the
order of 50 was far exceeded in the present case for both the burners.

To obtain stable flames, it was necessary to use two rectangular
burners with different slot dimensions. Burner No. 1 with a bigger slot
was used for gas mixtures having low f lame speeds. In these studies,
it was used for methane-air flames only . Burner No. 1 could not be
used with gas mixtures having very fast flame speeds since very high
flow rates were required to prevent flash-back. Burner No. 2, which
had a narrow slot , was suitable for gas mixtures with high flame speeds
This burner could not be used with methane-air mixture s becau se these
flames tended to be blown-off from this burner because the burner slot
width was ~~~~ I er than the quenching distance for certain methane-air
ratios .

2. Design of Flame ~ienching Apparatus

Two solid copper plates were used to quench the flamcs . Each copper
plate was 10 cm high, 5 cm long, and 2.5 cm thick. Each plate was
cooled by a flow of water through 0.64 cm i.d. copper tubes. Two hole s
were drilled at 0.32 cm from the plate surface facing the burner and
then two more holes were drilled through each plate at 0.64 cm apar t
so that altogether there were four holes of 0.64 cm i.d. in each plate .
The four holes in turn were soldered to four pieces of 0.64 cm i.d.
copper tubing, each 15 cm long , on one side of the plate for water
inlet and four on the other side of the plate for water out let. In
most experiments , however , only the two lines at 0.32 cm from the plate
sur face , facing the flame , were used for cooling the plates . The water
flow was adjusted by a regulator . For measuring the plate surface
temperatur e a copper-constantan thermocouple was inserted into the
surfac e of the each plate from the top. The thermocouple just touched
the plate surface from the inside . Two copper-constantan thermocoupleá
were also used ( two for each plate) to measure the temperature of the
incoming and outgoing water . Thus altogether there were six copper-
constantan thermoc ouples connected to the two plat es . The output of
each thermocouple was recorded continually on lb channel Brown
recorder . In all exper iment s the two plates !i ntained at a
constant temperatur e by adjusting the flow Initially it was
planned to measur e the amount of heat tr e ..)  the water by
measuring the rate of flow of water and ~. .empera ture rise. However ,
the thermocouples did not register any increase in temperature, even
for very sm~~I 1 flow rates. On the other hand it was necessary to cool
the plates in order to prevent them from getting too hot , especially
during prolonged exposure of the copper plates to the combustion gas
of high-ener~y ~temperature) flames when spectrograms were taken. The
two copper plates were bolted to two metal platforms which could be

12
4

• - - • • - -

.

•
. 

~~~~~~~ 
- . •~~~~~~~ • _ _ _ _ _ _ _  ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



-—
— 

—•——- —

moved inward and outward by means of a hand-operated spindle . The two
plates were arranged so that they were flush with the burner top and
could be moved over the top of the burner to obtain the desired
distance between the two plates. The entire assembly (i.e., plates,
spindle, etc.) was bolted to the optical bar of a spectrograph. A
1.3 cm slot was drilled in the optical bar so that the burner could
be moved inside the bar for a proper focusing of the burner flame
onto the slit of a spectrograph. After the flame was focused properly,
the plate-spindle assembly was permanently bolted at that position.
The plate-spindle assembly was so designed that it could be mounted on
the optical bars of either the Hu ger & Watts prism spectrograph or the
Jarrel-Ash 21 ft grating spectrograph. The burner was held in place
with a set screw , which in turn allowed for vertical adjus~~ent of the
burner position . The burner was placed syt~ ietrically between the
plates in the slot provided in the optical bar so that the flame cone
could be focused on the spectrograph slit. When the Hu ger & Watts
large aperture prism spectrograph was used, it was not necessary to
focus the flame with a condensing lens. With the Jarrel-Ash grating
spectrograph, a quartz condensing lens had to be used to focus the
flame on its slit .

The distances of the plates at quenching were measured with a feeler
gauge which permitted an accuracy of 0.03. sm. The surfaces of the
copper plates were polished so that the exact distance could be measured.
with the feeler gauge . A photograph of the entire burner assembly is
shown in Fig. 1.

3. Spectroscopic Measurements

For qualitative work ( i .e . ,  for the identification of various bands
obtained from both the unquenched and partially quenched flames of the
various fuel-oxidizer mixtures) a Hilger & Watts large aperature prism
spectrograph was employed because it permitted short exposure times .
For quantitative work (i.e., for measuring the relative intensities
and. rotational flame temperatures were high dispersion was the primary
consideration) a Jarrel-Ash 21 ft grating spectrograph was used.

• Kodak lO3a-F spectroscopi c plates were used for all measurements
for taking spectrograms of the various flames, These plates are
sensitive from about 2500 A to about 6800 A and have rather uniform
response over the entire visible spectrum, especially in the red.

4. Gas Flow Measurements

All gases were taken from standard cylinders . A constant pressure
of each gas was maintained by means of reducing regulators in the
metering section . Before entering the mixing chamber , the gases were
passed through back pressure regulators to eliminate mutu al. interference

• of the gas flows . The metered flaws of fuel and oxidizer were fed into
the burner inlet via a solenoid valve after being thoroughly mixed in a
mixing chamber • A schematic view of the apparatus used for making gas
flow measurements, along with the burner, is shown in Fig. 11. All

13
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flows were calibrated with a vacuum type gas flow calibrator .24 These
calibrations were checked from t ime to time.

The chemical analyses of the various gases are given in Appendix A.

III. E~~ERI~~NTAL PROCEDURE

1. Determination of Flash-Back and Blow-Off Conditions

Before measurements of the quenching distances and. spectrographic
studies of the various flames could be undertaken , it was necessary to
determine the stabili ty of the flame s of various fuel-air mixtures
burning on rectangular burners . These measurements were necessary for
the proper selection of fuel-air composition and flow rates so that
neither flash-back nor blow-off would occur. These measurements were also
made to compare the critical flow rates for flash-back and blow-off
with those determined with circular burners. Flames of methane,
acetylene, and hydrogen with air were always easy to stabilize. However,
methane-o~ rgen flames showed considerable scatter in flash-back and
blow-off because of the heating of the burner tip.

The procedure for measuring the critical flows for flash-bad~ and
blow-off was as follows:

In the methods of previous investigators first a diffusion flame
of the fuel gas is started at the desired working pressure and the fuel
flow is adjusted to predetermined value. Thereafter the air is added
slowly without a change in fuel flow until flash-back of the flame
takes place. In this way the condition of flash-back is approached on
a path along which the mixture composition changes continuously. This
was not desirable since the exact composition of the mixture in the
burner tube at the moment of flash-back usually lies between the last
and the preceding setting. In order to keep this error at a mini~mum,
the gas flows were changed very slowly . Flash-back condition s for lean
mixtures were established by increasing the fuel flow of lean flames
until flash-back occurred. Such lean flames were obtained. by using
gas flows that were large enough to produce stable flames with any
mixture ratio. Then both the oxidizer and fuel flow rates were reduced
in succession until a lean flame resulted with a gas flow as low as
possible.

Critical flow rates for blow-off were easier to obtain. First, a
fuel-air flame was established for a certain composition of the gas
mixture, well above the already measured critical flows for flash-back,
then the amount of air was increased until blow-off occurred. After
blow-off, the fuel flow rate was increased to a value more than in the
previous case and then the air flow rate was increased until the blow-
off occurred. In a similar fashion, blow-off was established for various
fuel-air ratios of all gas mixtures considered.

15
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The flow rates at flash-back and blow-off for acetylene-air
mixtures obtained with a rectangular burner are shown in Fig. 5 and 6
together with the flow rates at flash-back and blow-off for circular
tube burners.

2. Measurement of Quenching Distances

Quenching distance measurements were carried out for

1. Methane-Air Flames ,
2. Methane-O~ rgen Flames,
3. Acetylene-Air Flames, and
4. Hydrogen-Air Flames .

The experiments were started with diffusion flames ( except in the
case of acetylene-air flames; air was always mixed with the acetylene
before starting the flame to avoid the formation of soot) at one atm
pressure and. the fuel flow was adjusted to a predetermined value .
Thereafter the oxidizer was added slowly to obtain a flame at the
predetermined mixture ratio. The flow of water through the cooling
coils of the copper plates was then adjusted and plates were moved
very slowly toward the flame . As soon as the plates touched the flame ,
the 14-channel temperature recorder was turned on to monitor the
temperature of the plates as well as that of the cooling water at the
inlet and outlet of the plates. The six copper-constantan thermocouples
were used for this purpose. The plates were then moved. very slowly
and carefully into the flame until there was no visible flame radiation
between the plates . Although there was a flame at the top of the plates ,
the flame between the plates was quenched. This process of flame
quenching is illustrated in a sequence of photographs in Fig . 7 for a
typical methane-air flame. As soon as the quenching was established,
the flow of the gases was stopped by closing the solenoid switch. The
quenching distanc e between the two plates was then measured with a
feeler gauge . Upon completion of these measurements the plates were
separated . Two measurements were made for each mixture ratio and flow
rate . The average of the two values was used as the final value of
the quenching di stance • The plates were dried before each experiment.
The quenching distances were measured at flow rates of 25, 50, and 100
cc/s to study the- effect of gas speed and Reynolds number on the
quenching distance. The copper plate temperature was maintained
constant throughout the experiments. The results of these measurements
for methane-air , methane-o~ rgen, acetylene-air, and hydrogen-air flames
are given in Tables I-IV and. in Fig. 8-U, together with the values
given by Lewis and von E1be21 for comparison.

In order to determine the influence of the shape of the
burner on the quenching distances, the quenching distances were measured
with circular burners whose inner diameters were equal to the hydraulic
diameter of the rectangular burners • These distances are also shown in
Tables I-IV.
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Fig. 7 A series of Photographs Showing How the Quenching is Achieved
for a Methane-Air Flame
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The effect of quenching on flame pressure was determined by
measuring the static pressure in the burner tube just below the tip of
the burner . The flame pressure of the fuel-air flames was not changed
by quenching; however, that of methane-o~ rgen flames increased by 2 nun
of water or less. Therefore it was concluded that the measured
quenching distances were not functions of the flame pressure.

To determine the effect of thermal conductivity of the material
of the quenching plates , the quenching distances were also measured by
using plates constructed of mica, copper with str ips of glass glued to
them, and teflon . Plates made of teflon could be used only with methane-
air flames because the other fuel-oxidizer flames deform these plates.
The results of these observations are given in Tables V-VIII and shown
in Fig. 8-U.

In order to study the effect of salts and halogenated ccunpound.s
on the quenching distances of flames, measurements were made with
coated copper plate surfaces. ‘Salts used were potassium chloride and
sodium bicarbonate , and halogenated compounds included chiorobromo-
methane and carbon tetrachloride . Whereas the coatings of potassium
chloride and sodium bicarbonate sta~red on the copper plates during the
duration of the measurements those of chiorobromome-thane and carbon
tetrachloride tended to disappear in a very short time. Therefore,
these substances had to be applied several times during a single ex-
per iment. The results of these measur ements are include d in Tables
V-VIII and Fig. 8-U.

3. Spectrographic Measurements

A Hilger & Watts prism spectrograph was used to obtain some
qualitative information on the spectra of unquenched and partially
quenched flames. The following procedure was adopted for obtaining
the spectrograms: -

After the flame was adjusted properly a spectrogram was taken.
Then the quenching was started by moving in the copper plates. Spectro-
grams were taken at various positions of the plates until the flame
was nearly extinguished. The exposure time was the same for all the
flames . However, the last position of the plates was used for ex-
tended exposure times up to six times the normal value. The basic
exposure time depended on the type of flame to be photographed. Whereas
methane-air flames required an exposure time of 5 minutes, methane-
o~~gen and acetylene-air flames required only 15 seconds . As a
reference the spectrum of mercury was recorded on each plate . A “U”
shaped G.E. germicidal lamp was used as the source of the mercury
spectrum. A reproduction of the spectrograms of an unquenched and a
partially quenched flame of 12 percent methane in air is shown in
Fig. 12. The individual bands are identified and tabulated in Table
IX together with other related data . Identification of the bands was
facilitated by consultation of handbooks on molecular spectra; e.g.,
Ref. (25) .
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Fig. 12 Spectrum of an Unquenched and a Partial1~r Quenched 12 Percent
Methane in Air F lain Obtained with Hu ger & Watts Prism
Spectrograph; Compa. ...son Mercury Spectrum is also shown
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For a quantitative evaluation of the spectra emitted by the flames
a Jarrel-Asb 21 ft .  grating spectrograph was used. To obtain the shortest
exposure time possible a quartz lens was used to project an image of the
flame on the spectrograph slit. Spectrograms were obtained over as wide
a range of wavelengths as possible and at various stages of the quenching
process. The exposure times were increased when the intensity of the
radiation was reduced considerably by the quenching plates. Again a
mercury spectrum was recorded on each plate as a reference .

The spectrograms obtained for 14Q percent methane and 60 percent
oxygen flame and for a 14Q percent hydrogen and 60 percent air flame
are shown in Fig. 13. The individual bands are identified in Table X
together with the wavelengths of the band. head and other pertinent
information.

14. Determination of the Rotational Temperature of the Combustion Gases

As pointed by Dieke and Crosswhite ,26 the bands of the OH radical
are usually best suited for determining the temperature of a flame.
Because the rotational structure of the OH bands is simple and. the
isointensity method does not require a great amount of sophisticated
equipaent . Furthermore, the necessary spectroscopi c data needed for
the calculations are readily available. Unfortunately, the OH bands
in even the unquenched flames of acetylene-air , methane-oxygen, and
hydrogen-air mixtures are much too weak and practicall.y nonexistent
in methane-air flames, with exposure times ranging up to 1~ hours.

Since the Cli bands at 3870 and 14315 A are very prominent in these
flames, they were selected for the determination of the rotational
temperature of these flames. The 14315 A CH band is the most intense
and very easily observed in all flames containing carbon and hydrogen
(both quenched and partially quenched) . On the other hand the structure
of the 3870 A CH band is simpler and., therefore, more amenable to
rotational temperature measurements . However, this band is not as
strong as the 14315 A Cli band, which is very easily observed even in
very weak flames . Therefore both the 3870 A CH and the 14315 A Cli
bands were used, wherever possible , for the determination of the
rotational flame temperature. In the 14315 A CH band , only the short
wavelength region was selected. The measurements were made on two
flames, one containing 40 percent methane and 60 percent oxygen and the
other containfng 10 percent acetylene and 90 percent air . The relative
intensities of the -various lines in the band were determined with a
microdensitometer . With these values the rotational temperature was
derived by the following formula:

en ~~~~ - ~n ~~~~~ a en F - En~/kTrot

where

E~ , a rotational ener~ r of the upper state for a fixed
vibrational transition,
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= relative intensity of a rotational transition,

fl’ , n” a quantum numbers of the rotational levels in the upper
and lower electro nic states , resp ectively,

n” Vnp  n”

An , ,, a transition probab ility including the statistical weight ,

V
n~nft wave number of the line ,

F = constant depending on electroni c tra nsition and. instrument
factors but indep endent of En, ~

Trot a rotational temperature of interes t , and

k Boltzmann ’ S constant.

According to Eq. (3) a graph of en (In,ntt/A~,n tt ) vs E~, gives a straight

line whose slope is _ l l+4/Trot~ when Es,,, is expressed in wave number

units (i . e •, cm-1) and the rotational temperature in Kelvin .

The values of’ ~~~~~ and E~, for the 3870A CH band have been de-

termined by Dieke27 and those of the 143l5A CH band by Broida.28

In Eq. (3) everything but the rotational temperature is known.
Thus the rotational temperature is given by the slope of the en (i a, n”vs E~ , curve .

For the 140 percent methane and 60 percent oxygen , and for the 10
percent acetylene and 90 percent air flames , the rotati onal flame
temperatures were determined , both for the unquenched and partially
quenched flames. The results are shown in Fig. 114-17.

5. Measurements of the ~1enching Distances of Flames of Hydrogen-
Oxygen Mixtures Containing Various Inert Gases

The quenching distances of flames of hydrogen-o xygen-inert gas
mixtures were measured to deter mine the effect of inert gases such as
helium, argon , nitrogen and carbon dioxide . Two series of experiments
were performed , i .e. ,  one with 68.2 percent inert gas and. the other
with 55.6 percent inert gas in the mixture • The procedure for measuri ng
the quenching distances was the same as used for other ftiel-oxidizer

38
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mixture flames . In this case the quenching distances were measured only
for a volume flow rate of 100 cc/s. However , the relative proportions
of hydrogen and oxygen in the mixture were varied . The result s of these
measurements are given in Fig. 18 and 19.

6. Exper imental Determination of’ Flame Speeds

In order to study the relationship between flame speed and quenchi ng
distance , the flame speeds of various fuel-oxidizer mixtures had to be
determined experimentally . Since only relative values are needed the
flame cone method was used for these measurements because this method
is quite easy and fairly reliable ; the results are shown in Fig. 20-22.

7. Calculation of Flame Temperature

Because of the relationship between flame temperature and quenching
distance , the flame temp erature and quenching distanc e, the flame
temperatures of various fuel-oxidizer mixtures were calculated for the
case that the combustion gas is in complete thermodynami c and chemical
equilibrium . The method given by Edse~~ was used for calculating the
flame temperatures and the values of equilibrium constants and enth alpies ,
etc., were taken from JAI’UYIAF Tab les . 3° The results of these calculations,
including the equilibrium compositions of the combustion gases , are
given in Tables ~Ct-~OC.

IV. DISCUSSION OF RESULTS

Tables I-IV show the measured quenching distances of methane-air,
methane-oxygen , acetylene-air, and hydrogen-air flames for different
gas speeds and Reynolds numbers . The last three columns in these tables
show the measured quenchi ng distances for a circular burner . From the
results shown in these tables , it app ear s that the quenching distances
are independent of the shape of the burner and also of the gas speed
and Reynold s number for a given gas mixture of the various fuel-
oxidizer flames considered. Q~ienching distance measurements of the
previous investigator s did not include the effect of gas speed and
Reynolds number.

The observation that the quenching distance does not depend on the
geometry of the burner is in contradiction to the findings of Berlad
and Potter .20 They used three burners of different shape s and showed
that all three burners lead to different quenching di stances. These
results may be attributed to the different technique used by them which
involved an adjustable slot burner in contrast to the arrangement used
in the present investigation .

Table s V-VIII show the quenchin g distances for methane-air , methane-
oxygen , acetylene-air , and hydrogen-air flames as measur ed with different
plate materials and coatin gs . These results are also shown graphicall~
in Fig. 8-11. The quenchin g distances rep orted by Lewis and von Elbe2
for methane -air , methane-o xygen , and. hydrogen-air flames are included. for
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a comparison . The results showing the effects of various inert gases
(helium, argon, nitrogen, and carbon dioxide ) on the quenching
distances of hydrogen-oxygen flames with 68.2 percent and 55.6 percent
of the inert gas addition to the combustible mixtures are shown in
Fig. 18 and 19. In Fig. 18, the measured quenching distances of
Friedman15 for hydrogen-oxygen flames with 68.2 percent helium are
included for comparison. From these data , it can be concluded that
the quenching distance is dependent on the fuel-oxidizer ratio of a
given gas mixture and has its -i l est value near the optimum (M .E .R . )
fuel-to-oxidizer ratio - This observation is in agreement with those
of the previous investigators.

From Fig. 8, 9, and U it can be seen that the measured quenc!hirzg
distances in the present investigation agree well with those piblished
by Lewis and von Elbe except for fuel-rich flames of methane and air .
According to values reported by Lewis and von Elbe ( Fig. 8) it appears
that at an equivalent ratio of approximately 1.15 for methane-air the
quenching distance becomes infinitely large, which means that a mixture
containing approximately 10.93 percent methane and 89.07 percent air
should not support a stable flame on a cold burner rim. On the other
hand it is known21 that the flammability limit for methane-air mixtures
occurs at 13.311. percent methane . In view of this observation a flame
of 12 percent methane and 88 percent air mixture should have a finite
quenching distance . This conclusion was confirmed by the measurements
of the present investigation ( see Fig. 8).

One of’ the most important observations of the present study is the
discovery of the effect of the quenching surface material on the quenching
distance. Previous investigators13 16 reported that the quenching
distance is independent of the quenching material and also independent
of the quenching surface. The results shown in Fig. 8-li indicate
clearly that there is a surface effect. The quenching distances are
much lower for plates of mica and copper covered with glass than with
plain copper plates. The quenching distances are increased subs-
tantially when copper plates are coated with chiorobromomethane or
carbon tetrachioride . This observation indicates that copper plates
are much more effective in quenching a flame than plates made of mica
or glass and. that compounds such as chlorobromomethane and carbon
tetrachlorid.e are very effective in flame quenching.

The reason the different quenching plate materials give widely
different quenching distances is attributed to the different heat
transfer coefficierits3

~’- of these materials. As expected the greater
the thermal conductivity of the material the greater the flame
quenching distance; i.e., the greater the flame quenching capabili ty
of the material. According to these considerations, copper, because
of its higher heat transfer coefficient is much moi-e effective in
flame quenching than mica, glass , or teflon .

According to data shown in the last two columns of Tables V-VIII
the quenching distances of methane -air , methane-oxygen, acetylene-air,
and hydrogen-air flames are not affected by coatings of potassium
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chloride and sodium bicarbonate salts, although these salts are known
to be strong flame inhibitors when admixed to the combustible mixtures
in powdered form.7 ~ ~ That the coatings of’ halogenated compounds produce
a significant increase in the quenching distances of’ these combustible
mixtures is e~ttributed to volatility of these compounds . These compounds ,
being very volatile even at room temperature, diffuse into the flame
at the time of’ coating and thus inhibit the growth of’ active chain
carriers in the flame. On the other hand the salts do not evaporate
when coated with the plate surfaces since the melting points of’ these
salts are of’ the order of 900 K~~ and these temperatures were never
reached by the water cooled copper plate surfaces , indicating that no
chemical reaction of the salts with the flame can take place . These
results indicate that the surface as a catalyst plays actuaLl.y a minor
role in the quenching process.

According to the data. presented in Fig. 8-il chiorobromomethane is
more effective than carbon tetrachloride . These results are in agreement
with the criteria, for the efficiency of’ these compounds as flame
sup~~essors, reported by Belles and O’Neal2 and by Rosser et al.3
According to Belles and O’Neal ,2 a halogenated extinguishing agent which
increases the overall reaction rate of’ the fuel-air mixture is, in
general, more effective. Based on this criterion and using a special
technique to calculate the overall rates , they were able to show that
chiorobromomethane is a better flame quenching agent than carbon tetra-
chloride . Rosser et al.3 measured flame speeds of methane-air mixtures
with the addition of various halogenated flame inhibitors . They con-
cluded that those halogenated compounds which produce lower flame
speeds of the fuel-air-agent mixtures are the more effective ones .
Based on this criterion it was also found that chlorobromomethane is
more effective in flame inhibition than carbon tetrachloride .

As expected the quenching distances of hydrogen-oxygen flames are
increased when inert gases are added (Fig. 18 and 19) and they increase
as the amount of inert gas is increased.

The effect of flame speed. on the quenching distance is shown in Fig.
20 and Tables V-VIII . According to these results , mixtures having
high flame speeds have small quenching distances , which means that it
is more difficult to quench a rapidly burning flame . On the other
hand, for hydrogen-oxygen mixtures to which various inert gases have
been added ( Fig. 18 and 19) this simple relationship does not exist.
In this case a flame having a higher speed is not always more difficult
to quench. Thus hydrogen-oxygen-helium mixtures which have much higher
flame speeds ( Fig . 2]. and 22) than mixtures containing either argon,
nitrogen, or carbon dioxide , have quenching distances (Fig. 18 and 19)
which are significantly greater than those of the latter . A similar
argument holds for flame temperatures of these mixtures; i.e., a flame
burning with higher flame temperature is not always more difficult to
quench (Tables XV-]CC and Fig. 18 and 19) .

S~mm~arizing these observations it cannot be stated flatly that all.
flames having higher flame speeds and temperatures will necessarily
have a lower quenching distance; i.e •, they are more difficult to
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quench. Therefore it appears that quenching distance is also dependent
on the thermal conductivity, heat capacity, diffusion coefficients,
etc., of’ the gas mixture .

To study the effect of’ thermal conductivity, heat capacity , and
diffusion of chain carriers , the coefficients of thermal conductivity,
heat capacities , and diffusion coefficients of’ H, 0, and OH were
calculated at 293.15 K (taken approximately as the room temperature)
and at 1500 K for the various gas mixtures . The temperature of 1500 K
was selected arbitrarily to represent approximately the average
temperature of the combustion gases during quenching. A rather low value
of room temperature ( 293.15 K) was taken since experimental values of
thermal. conductivities and heat capacities for some gases were available
at this temperature . ~~ The procedures employed for calculating the
coefficients of thermal conductivity, heat capacities , arid diffusion
coefficients of the various gas mixtures are given in Appendix B and
numerical values of these parameters are given in Tables XXI-ICCVI .
According to the data for hydrogen-oxygen-inert gas mixtures ( Tables
JCCII -XXVI), those gas mixtures having a higher thermal conductivity,
a lower specific heat at constant pressure , and. a higher diffusion
coefficient have greater quenching distances. Thus mixtures of’
hydrogen-oxygen to which helium has been added have flames which are
easier to quench than those mixtures containing either argon, nitrogen,
or carbon dioxide • The comparison is based upon the same amount of
inert gas (by volume) . Evidently these properties exert a greater
influence on the quenching distance than the flame speeds and flame
temperatures .

The finding that gas mixtures in which diffusion is very rapid
have higher quenching distances is in agreement with the observation
that in flames of hydrogen-oxygen-helium dissipation of ener~ r by
diffusion to the solid copper pl&tes is enhanced by the low molecular
mass of helium.

According to the data of Tables ~CCtI-lOCVI on methane-air, methane-
oxygen , acetylene-air, and hydrogen-air gas mixtures, the coefficients
of thermal conductivity, heat capacities, and diffusion coefficients
differ very slightly. Therefore nothing can be said on relationship
between quenching distance and thermal conductivity, heat capacity,
and diffusion rates of the mixture. It appears that quenching distances
are primarily determined by the flame speed and flame temperature of
the combustible gas mixture .

The results of the spectroscopic measurements ( Fig. 12 and 13,
Tables IX and X) show that the relative intensity of some bands in
partially quenched flames is very low when compared to the unquenched
flames for the same exposure times and some of’ the bands do not show
at all, even when the exposure times have been more than doubled .

• Figure 12 and Table IX show a comparison of the spectrograms of un-
quenched and partially quenched flames of’ 12 percent methane and. 88
percent air for different exposure times of the partially quenched
flames. Even for an exposure time of six times (30 m m )  that of the
unquenched flame (5 m m )  the only bands present in the partially
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Table ICC. Calculated Thermal Conductivities of Pure Gases

Gas Temperature Calculated
A c/k ~2(~~’

2)* Thermal
(K) conductivity

(K) cal/om s(K)
(~ o 5)

• 293.15 2 6 10 22 0.7061 36.36He urn 1500.0 0.5619 103.35

293.15 1~.l8 121f 00 1. ll60 1~. .13gon 1500.0 3. . 0.8072 12.93

dro n 293.15 2 968 0 0.81110Hy ge 1500.0 . 33.3 0.6611 127.3].

293.15 11 ~~ 00 1.0820 6.011Oxygen 1500.0 3. 33 3. 0.7978 22.13

Nitrogen 3.681 91.50

Carbon Dioxide 3.996 190.00 1.8].

Methane l~
2
~~~
’ 3.882 137.00

Acetylene L22]. 185.00

293.15 1.0380 5.90
1500.0 97.00 0.7831 19.55

r
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Table XXII . Calculated Thermal. Conductivities of Gas Mixtures

Gas Temp.
Mixture (K) 1 2 3 cal/em s (K) (lO~)

CH4+ 293 0.10 0.90 7.92 6.00 ---- 6.16
Air 1500 148.37 20.19 ---- 22.35

CH~+ 293 0.110 0.60 7.92 6.20 ---- 6.81
02 1500 148.37 22.13 ---- 30.91

C2H2 293 0.08 0.92 ---- 5.00 6.00 ---- 5.91
+ Air 1500 26.92 20.19 ---- 20.63

293 030 0.70 14i.146 6.00 ---- 13.311
Air 1500 127.31 20.19 ---- 141.19

293 0.2914. 0.15 ~~~~ 
144.146 6.20 36.11 22.142

02+He 1.500 1.27.31 22.13 103.35 614.143

293 029 4  015 05% 1414.146 6.20 11.20 9.19
02 i-Ar 1500 127.31 22.13 12.93 26.914

293 0.2914 0.15 0.556 1414.116 6.20 6.02 9.911.
02+N2 1500 127.31 22.13 19.99 29.87

~~~ 0.15 0.556 144 1~6 6.20 3.117 8.89
+C02 1500 127.31 22.13 18.81 29.38
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Table XXIII . Calculated Heat Capacities for the Various Gas Mixtures

Gas Temp. c c c c
Mixture (K) 1 2 3 (cal/g(K) 

rmix

CH4+ 293 0.10 0 9 0  0.5333 0.21400 0.2693

Air 1500 1.2860 0.2883 0.3881

CH4+ 293 0 40 0.60 0.5333 0.2198 0.3452

1500 1.2860 0.2726 0.6780

C2H2 293 0.08 0.92 0.3969 0.2400 0.2526

1500 0.6768 0.2883 0.3194

0.03 0.70 3.39149 0.21400 1.1865
Air 1500 3.8198 0.2883 1.31478

~~~ 0.150 ~~~ 
3.3949 0.2198 1.2500 1.7261

02+He 1500 3.8198 0.2726 1.2500 1.8589

112+ 0.2914. C.150 .556 3.3949 0.2198 0.1250 1.1006

O2+Ar 1500 3.8198 0.2726 0.1250 1.23314

• 112+ 0.2914 0.150 .556 3.3949 0.2198 0.2518 1.1711

°2~~2 
1500 3.8198 0.2726 0.3087 1.3355

112+ 0.294 0.150 .556 3.39149 0.2198 0.1978 1.11110
02+C02 1500 3.8198 0.2726 0.31146 1.3388
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Table XXIV. Calculated Diffusion Coefficients of atomic hydrogen in Various Gas
Mixtures

Gas Temp. D~~ DAC D~~ DH(mix)
Mixture (K) B C D (cm2/s)

CH4-i. 293 0.10 090 0.95]. 1.015 1.008
Air 1500 11.005 11.747 11.668

c114+ 293 0 4 0  0 6 0  0.951 1.085 1.027
1500 11.005 12.560 11.888

C~112+ 293 008 0.93 0.838 1.015 0.998
Air 1500 9.695 11.7117 11.551

112+ 0.30 0.70 ---- 1.672 1.015 1.151
Air 1500 19.347 11.7147 13.31.6

112+ 0.294 0.15 o.5~6 
1.672 1.085 1.6141 1.532

02+He 1500 19.347 12.560 18.999 17.729

112+ 293 0.2914. 0.15 ~~~~ 
1.672 1.085 1.106 1.2211.

02+Ar 1500 19.3117 12.560 12.806 114.173

112+ 293 02914 ~~~ o~~56 1.672 1.085 1.106 °~~~~~
o2~~2 

1500 19.3147 12.560 11.533 13.272

112+ 0.2914 0.15 o.~56 1.672 12.560 0.952 1.113
02~~

02 1500 19.3147 12.560 11.024 12.891
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Table XXV. Calculated Diffusion Coefficients of Atomic Oxygen in Various Gas
Mixtures

Temp. ~~~ DAC ~~~ D0(mix)
Gas

Mixture (K) B C D (cm /s)

o.~o 0.90 
0.241 0.227 0.228

Air 1500 2.786 2.628 2.643

CH4+ 0.40 0.60 0.214]. 0.237 0.239
1500 2.786 2.737 2.756

o.o~ 0.92 0.196 0.227 0.2214
Air 1500 2.267 2.628 2.595

112+ 293 030 070 0.713 0.227 0.285
Air 1500 8.2148 2.628 3.303

112+ 0.2914 0.15 0.556 0.713 0.237 0.5611. 0.1492

02+He 1500 8.2148 2.737 6.523 5.692

H2+ 293 0.294 0.15 0.556 0.713 0.237 0.233 0.291
02+Ar 1500 8.2148 2.737 2.696 3.371

H2 s. 0.2911. 0.15 0.556 0.713 0.237 0.225 0.2811.
02+N2 1500 8.2148 2.737 2.600 3.286

112+ 0.2911. 0.15 0.556 0.713 0.237 0.202 0.263

°2~~~2 
1500 8.2148 2.737 2.3143 3.051

• 
I
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Table XXVI • Calculated Diffusion Coefficients of OH in Various Gas Mixtures

D~~ DAC D~~ D0~~(mix)

Gas Temp.
Mixture (K) B C D (cm2/s)

CH4+ 293 0.10 0.90 0.221 0.207 0.208

Air 1500 2.553 2.392 2.407

CH44. 293 O. li.0 0.60 0.221 0.215 0.217
1500 2.553 2.14811. 2.511

293 0.08 0.92 0.177 0.207 0.2011.

Air 15(X) 2.01+8 2.392 2.360

112+ 0.30 0.70 0.650 0.207 0.260
Air 1500 7.5211. 2.392 3.007

• 112+ 0.294 0.15 0.556 
o.6~o 0.215 0.513 0.14148

02+He 1500 7.524 2. 1+84 5.941 5.180

112+ 0.2911. 0.15 0.556 o.6~o 0.215 0.211 0.2614.
02+ Air 1500 7.5214 2.481i. 2.141.4.1 3.056

~~~~ 0.15 0.556 o.6~o 0.215 0.205 0.259

02+N2 1500 7.521+ 2.14814. 2.368 2.992

112+ 0.2911. 0.15 0.556 0.650 0.215 0.184 0.2140

02+C02 1500 7.521.4. 2.14814 2.130 2.7714
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quenched flame are the 3064A OH, and 14315A CH, whereas the 2608A OH,
281]). OH, 3872A CH, 14737A CC, 5165A CC, 5635A CC , and 6059A CC , show
very clearly in the unquenched flame but do not show at all in the
partially quenched flame. The intensity of the various bands in the
partially quenched flame depends very much on the distance between the
two copper plates. The absence of some bands in the partially quenched
flame most likely is due to a change of the reaction mechanism in the
partially quenched flame . The absence, or at least the drastic reduction
in the intensity, of’ these radiating molecules may be caused either by
loss of ener~~r due to heat transfer or by diffusion out of the com-
bustion gas to the cold quenching surface. The diffusion of active
species to the quenching surface reduces the overall reaction rate and
thus lowers the flame temperature, which is in agreement with the tem-
perature measurements made by means of a platinum-platinum rho~ium thermo-
couple. Temperatures of no more than 1600 K were observed for the
partially quenched flame . At these temperatures the concentration of
atoms and free radicals is very rnnA l 1 and , therefore , at this point dif-
fusion becomes less important.

To obtain mor e information on the state of the reaction zone of the
unquenched and partially quenched flame, the relative intensities of
the two bands ( 3870A CH and 43l5A CH were determined and. used for
calculating the rotational temperature of the CH radical. The results
of these calculations are shown in Fig. 14-17. According to these data
the experimentally determined rotational flame temperatures for the
unquenched flames of a 140 percent methane - - 60 percent oxygen and a
10 percent acetylene - - 90 percent air mixture are in good agreement
with the theoretica lly calculated flame temperatures ( Tables XLI and
XIII) . Hence it may be assumed that thermodynamic and chemical
equilibrium prevails in the unquenched flames. The experimentally de-
termined rotational temperatures of partially quenched flames were
found to range from 5,000 to 11,000 K. Since these temperatures exceed
the theoretical values by a factor of 3 to 6 it must be concluded that
the quenching process prevents the CH molecules from reaching thermodynamic
equilibrium. This conclusion is further supported by the observation
that, for an unquenched flame of the same fuel-oxidizer mixture, the
difference between the experimental].y determined rotational flame temp-
eratures of’ 3870A CH and that of 4315A CII is small (Fig. 14-17), whereas
for the partially quenched flame the difference is too much to reconcile.
This further indicates the lack of genera]. thermodynamic equilibrium
for the unquenched flame.

V. THEORETICAL ANALYSIS OF ~JENCHING PROCESS

Because the complexity of’ the quenching process precludes any
rigorous analysis a number of simplifying assumptions must be made to

• develop a model of’ this process which can be treated theoretically.

First, only laminar flames are considered in this analysis as well
as in the experimental phase of this investigation. It is assumed that
the flow of unburned, gas is steady and one-dimensional and. that the

68

- - - 
_ _

_ _ ~~
_

~• _  ~~~~~~~~~ ____



__ ~~ --- - - - -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~

I
unquenched combustion process is adiabatic and that the very s~mi~1 1
change in pressure (less than 3 mm 1120) across the combustion wave
(usually refered to as flame front) can be disregarded. In the ex-
perimental phase only flames burning at a pressure of’ one abnosphere
were employed.

The theoretical analysis is based on the fundamental concepts
developed by Williams33 who states that a combustion wave initiated by
some source (e.g., spark ) of’ energy introduced into the combustion gas
will propagate and will form a self-supporting wave only when there is
sufficient transfer of energy to heat a zone of gas, whose thickness is
that of the flame front, to the i~iition temperature of the combustiblegas mixture.

The theoretical analysis of flame quenching will be based on this
i~ iition criterion and effects of both thermal conduction and, diffusion
will be considered. Although the reaction mechanism should be in-
cluded in a complete analysis, the influence of’ the quenching process
on the chemistry of the combustion process will be disregarded because
of its complexity. When a flame burning at the tip of a rectangular
burner tube whose exit port has length a and width b (see Fig. 23) is
surrounded by two plates parallel to the long side of the burner port
a, the total amount of heat introduced per unit time into the space
between the quenching plates can be expressed by the following equation

Hgen = c
P
abuF(TF

_ T
O) J/s (14~)

Fig. 23 Burner Port

where

c = average specific heat of the gas mixture
per unit volume in J/m 3 K ,

a = length of’ burner port in m,

b = width of burner port in m,

U
~F 

= flame speed in m/ a,

TF = adiabatic flame temperature in K , and

= temperature of the initial gas mixture in K.
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Width of the burner port, b, is 0.0032 m for methane-air flame and 0.0017
in for the other flames.

T9 develop an expression for the heat transfer to the quenching
wall , H~~~~, the simplified model of the quenching process shown in
Fig. 214 is used. When the quenching plates are not in contact with the
flame the distance, x, between the flame zone and the plate wall is
considered to be sufficiently large so that there is no transf’er of heat
from the flame to the plates. As the distance, x, between the flame
reaction zone and the plate surface is decreased heat transfer from the
flame to the wall will begin and. at a certain distance, dQ~ between the
quenching plates, a large amount of heat of’ the flame contained in the
space between the plates is transferred to the plates. When complete

lame ~ I’ FlameReaction \ I ~~~~~~ 
-

Zàne of VThickness 
_________

~~~~~~~~~~~~~~/ A W A I
I t t t  ~~~kopper
___  J Plate
r~~b t is~Burner

Fig. 214 Rectangu.lar Burner with Quenching Plates (not to scale)

quenching has occurred the flame will burn at the top of the quenching
plates, as shown in Fig. 214. Prior to the appearance of the flame
on top of the quenching plates ( that is , just at the verge of quenching)
the amount of heat transferred from the flame to one of’ the two
quenching surfaces can be expressed as follows:

?‘~ah( T -T
= a(d Q/2~5) ‘~

‘ S~

where

= thermal conductivity of the gas mixture in J/s.~n.K,
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1

h = height of’ the quenching plate in in (in the present case
it is equal to 0.02514 in),

Twall = wall surface temp erature in K , which is taken to be equal
to the gas temperature of the unburned gas, T0,

= laminar flame thickness in in,

dQ = flame quenching distance in in,

a = a dimensionless factor of the order of unity to account
for heat conduction process in a gas; the term (TF

_T
~~fl/

a( d~/2 - ~~~) 
represents the temperature ~~adient between

the centerline and the quenching wall.

If it is assumed that at the time of’ quenching all of the heat released
in the combustion wave is transferred to the quenching plates, we can write

~genh/2 = for one quenching plate surface.

Using the expressions given in Eq. ( 14) and (5) and. solving for d we
arrive at

14 h + 25c bp (6)ac~bu~,

Actually this procedure is rather approximate because the burned gas
leaving the burner port formed by the top of the quenching surfaces is
still fairly hot and definitely contains a moderately large amount of
excess thermal energy. For a given gas speed this amount of energy may
be considered to be constant and accounted for by the empirical coef-
ficient a.

Since it is quite difficult to measure the lmninar flame thickness,
~, It Is elimi nated by using one of the following empirical relationships

(1) According to Williams 33 we have

~
where all the quantities have been previously defined.

~~~~~~~~~~ is based on the thermal theory of flame propagation and
f,i~~~s ~‘r~~ the conservation of energy and mass. When this relationship
~ •~ib ’t ’ It.d into Eq. 6) we obtain an expression for the quenching
• .

~~~~., • which ii based on the thermal theory of flame propagation.4
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(2) Another relationship for the thickness of the combustion
zone has been proposed by Bechert~~ who stated that

where

Dmi,~ — average diffusion coefficient of the atomic species H, 0,
and the radical OH in the combustion gas.

Bechert obtained this expression by considering both diffusion and.
thermal conductivity as the primary factors in the mechanism of flame
propagation. When this relation is used to el lniyiate the laminar flame
thickness from Eq. ( 6), an expression for the quenching distance is
obtained which takes into consideration the effects of thermal con-
ductivity and diffusion . However, it must be pointed out that in the
quenching process heat transfer is that from the flame to a cold wall and
not fran a flame zone to a unburned gas and. also diffusion is to a cold
wall.

(3) A third , well known, relationship for the flame zone thickness
has been formulated by Mallard and Le Chatelier.35

up ~
- (T F - Tjgi/Tjg - T0) ~

where

Tig = ignition temperature of the gas mixture in K.

The derivation of this relation, like relation (1) , also takes only
thermal conductivity into consideration . When this reaction is used to
elimi nate ~ from Eq. (6) , the resulting expression for the quenching
distance , dQ~ is expressed in terms of the ignition temperature , Tig~
of the gas mixture. This relation was used by Friedman 15 to obtain a
theoretical expression for the quenching distance.

Because of the lack of reliable values for the ignition temperature,
only relations (1) and (2) will be used for the theoretical calculation
of quenching distances . However relation (3) will be used to calculate
ignition temperatures by means of’ measured quenching distances • Thus
when relation (1) is substituted in Eq. (6) we obtain

2?~ ,2h+b~ (7)
Q C

P
bUF a / ~~

and when relation (2) is used in Eq. (6) to eliminate ~, the resulting
expression for the quenching distance becomes
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14?~ h + 2 D  c b
d
Q = c

P
bup. a ~ in. (8)

Now if relation (3) is also used to elim1nR ~te ~ from Eq. (6),  we get

14 ?~ h + 2 ?~ b(T F - Tigi/Tig - 
T0)

Q c~bup a

which, after rearrangement, gives an expression for the ignition temp-
erature, Tjg~ of the combustible gas mixture.

Thus

T I  - T m + T
Tjg = l - m + n  K, 9

where

1 = d~ a c~bup

= 14 ?~ Ii , and

n = 2 ? ~b .

Since the expressions for the quenching distance contain the
empirical factor a, it is necessary to examine its role and magnitude
before actual calculations of the quenching distance or ignition
temperature can be undertaken.

If the flow of energetic molecules from the combustion gas to the
cold wall of’ the quenching plate is increased either by diffusion (such
as in the case of hydrogen-oxygen-helium gas mixture) or by heat
transfer ( such as in the case of copper quenching plates), for a fixed
wall, temperature, Twa11~ 

the value of a will have to be reduced to

account for the resulting increase in the quenching distance [Eq. (7)
and (8)). Thus lower values of’ a should be selected for hydrogen-
oxygen-helium and hydrogen-rich hydrogen-air gas mixtures, and. also
for the copper quenching plates. Rather hi&ier values of’ a will have to
be selected for the rAm~tn1ng gas mixtures and also for the case when
quenching plates are made of’ mica or glass to account for the resulting
decrease in the quenching distance.

Jakob~~ has pointed out, while discussing the theory of thermal
conductivity of’ different gases , that the value of’ a similar coefficient

I 
€ lies between 1 and 2.5 for individual gases and no value has been
reported for gas mixtures.
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For a comparison of the experimentally determined quenching
distances with those predicted by the theory developed here , the
theoretical quenchi ng distances of the various fuel-oxidizer mixtures
were calculated , for three different compositions of each gas rn.ixture ,
from Eq. (7) and (8) . The results are given in Tables )OCVII -X~OC. As
pointed out earlier , Eq. (9) was used to calculate the ignition temp-
eratures of the various gas mixtures with the experimentally determ ined
values of the quenching distances . These results are also shown in
Tables XXVII-XXX .

From Tables XXVII and XXVIII it can be concluded that Eq. (8) can
be used to predict the orde r of magnitude of the quenchi ng distance of’
a flame if a reliable method can be established to calculate the value
of the coefficient a. Although a has been selected somewhat arbitrari ly,
it can be seen that it is rather constant , at least for a given com-
bustible mixture. From Table XXVII we see that only one value of a is
needed to predict the quenching distances of all the gas mixtures and
in Table XXVIII also only one value of a is necessary to yield the order
of magnitude of’ the quew~hing distance for afl. the hydrogen-oxygen-inert
gas mixtures (except for hydrogen-oxygen-helium where a lower value of’
a has been used to account for the increase in diffusion rates). We
also see from Table JO(VII that a higher value of a is to be selected if
mica plates are used for measuring the quenchi ng distance to account
for the decreased heat transfer from the hot gas to the cold wall . It
can also be seen from Table s XXVII and XXVIII that the same value of a,
as used in Eq. (8), can be used to yield the right order of magnitude
of the measured ignition temperatures of the various gas mixtures. The
fact that a higher value of the coefficient a is desired for copper plates
than for mica plates, shows that thermal conductivi ty contribu tes more
than indicated by the temperature gradi ent . The same reasoni ng applies
for diffusion .

Equation (8) , which represents the experimentally observ ed quenching
distance values of the various fuel-oxidizer mixtu res fairly well and
also the right orde r of magnitude of their ignition temp eratures , takes
both thermal conductivi ty and diffusion into consideration . When Eq. (7)
is used , with the same value of a, agreement between theory and experiment
is not satisfactory (see Tables XXVII and XXVIII). This result is not
surprising since Eq. (7) does not include the effect of diffusion on the
quenching mechanism. However by a suitable selection of a values , this
equation can also yield the correct value of the quenching distance and
even the right order of mAgnitude of the ignition temperatures. Results
obtained with such values of’ a are tabulated in Tables XXIX and W. A
careful inspection of’ these tables reveals, however, that Eq. (7) is not
consistent. An increase of the diffusion rate in a gas mixture does not
necessarily entail a reduction of a (e.g., for hydrogen-oxygen-helium
gas mixtures); the value of a is 2 whereas for hydrogen-oxygen-argon
gas mixtures it is 1.5, which signifies an increase of the quenching
distance of hydrogen-oxygen-argon mixtures. According to experimental
observations the opposite is true . When a constant value of a is chosen
to represent the measured quenching distances, the right order of
magnitude of’ the measured quenching distances are obtained. However,
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Table UVIX. C~~parieca of Measured ~iencbI z~g Distances of Vari~ iz YUe1-~~ .dizer

Mizt~zes ‘with ~~oae Predicted. b~r Theren3-Diff ~ision I.bdel.

Measd. Meaad..
~~~nch. value ~~ench. ~ aanch. I~~it. I~~it. ~~encb.

Gas Plate of a Dist.~ Dist.~~ T~~p.” T~~p. Diet.
Miz~~~e Material Taken (~~) (~~) (K) (K)  (~ )

8% Cli~ Copper 4.0 1.26 3.78 416.3 969 2.22
in Air Mica (35) 2.16

~ ~~~~ 4.0 0.87 2.63 369.0 978 2.15

in Air Mica (35) 2.12

US Cffs~ Copper 4.0 0.98 3.02. 376.4 2.25

in Air Mica 2.20
25% CE~ Copper 4.0 0.20 0.1e5 351.6 0.50
in 0

2 
Mica 6.0 0.3.3 0.30 347.8 0.35

40% ca4 copper 4.0 0.19 0.43 336.6 0.62.
in 0

2 
Mica 6.0 0.12 0.29 330.0 0.47

50% c~ Copper 4.0 0.53. 1.2.6 326.6 1.85
in 0~ Mica 6.0 0.34 0.78 321e.8 1.30

6% c~a~ copper 4.0 0.49 0.98 393.4 0.78
in Air Mica 6.0 0.33 0.65 393.4 0.52

8% ~~ Copper 4.0 0.43 0.84 Ii56.6 578 0.58
in Mr Mica. 6.0 0.29 0.56 432.4 ~~~
10% c~s~ copper 4.0 0.40 0.84 368.6 0.83

in Mr Mica 6.o 0.27 0.56 363.0 0.59

30% ~~ Copper 4.o 0.24 0.68 344.6 844 0.58

in Air Mica 6.0 0.1.6 o.1i6 347.9
40% Ji~ copper 4.0 0.19 0.54 333.7 0.87
in Mr Mica 6.0 0.13 0.36 331.1 0.62

50% u2 copper 4.0 0.26 0.68 308.6 1.75
in Air Mica 6.0 0.17 0.46 308.5 1.16

• Pr~~~Eq. ( 7)
** Fr~~~Eq. (8)
‘ Fr~~ Eq. (9)
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Table UVIII. Ccaiparison of Measured ~ a~n~lting Distances of H2’drogen-Oxygen-
Inert Gas Mixtues with ~~oae Predicted t~r Ther~a1-Ditf~sicn
~~deX

Meaad. )4sasd..
~aencb . Value ~a-neb. ~~~~~~~~~~~~ I~~it. I~~it. ~~~~~~~~~~

Gas Plate of a Diet.’ Dist~~ T~~p.” T~~p. Diet.
Mirture Material Taken (~~) (~~) (K) (IC) (~~)

55.6% i~s
24.4% H~ Copper 4.0 0.42 0.83 359.9 0.88
.20% 02

+

55.65 11.
29.14 H2 copper 4.0 0.40 0.75 373.9 0.80

~~~~
55.6% 5.
31.14 

~2 
Copper 4.0 0.44 0.80 346.6 1.11

.13% 02+

55.6% 5.
24.4% H2 Copper 6.0 0.12 0.59 319.1 0.55

+20% 02+

55.6% Ar
H2 Copper 6.0 0.2.0 0.48 320.1 746 0.49

+20% 02+ 
. (36)

5~.6% Ar
31.4% 

~2 Copper 6.o 0.11 0.49 33.1.4 0.78
.13% 02+

55.6% Ar
24.14 

~2 Copper 6.0 0.16 0.62 318.9 0.67
.20% 0

2
+

55.6% 
~2

29.14 
~2 Copper 6.0 0.13 0.147 31.3.6 740 0.76

.15% 02+ 
(36)

55.6% H2
31.14 H2 Copper 6.o 0.1.3 0.146 0.89
.1.3% 02+

55.6% H2
24.14 

~2 
copper 6.0 0.26 1.25 318.4 0.90

.20% °2

55.6% CO2
29.4% H2 Copper 6.0 0.17 0.80 33.3.9 783 0.81
+35% 02+ (3’)

55.6% CO2
31.14 H2 Copper 6.0 0.1.8 0.83 310.9 0.95

~~

• Pr~~~Eq. (7)

‘

~~~~~ Fr~~~Eq. (9)
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1’able ~~~X. C~~perison of Measured Quenching istances of Various Fue1-0~d.dizerMixtures with Those Predicted by Therna.1 Nodel

Measc. Measd.
~uench . Vaine ~~ench. Q~uench . ~~~it. I~ iit. ~~ench.Gas Plate of a 0i~ t .~ Dist.~~ Te~.t. -~ Tem~. Oist.

Mixture Mater~al Taken ~~~~ ~~~~ - K ~.
‘ 

-

8% CE4 COpper 2.0 2.56 7.56 415 969 2.22
in Air Mica 35 ’ 2.16

9’~ CR4 Copper 2.0 1.74 5.26 610.8 978 2.15
in Air Mica 35’ 2.~.2
.ic 31

~L~ 
Copper 20 ‘9 6  6 0 2  ~~ 

2.25
in Air Mica 2.20

25% CH~ Copper 2.0 0.40 0.90 537.0 0.50

~~ 3.0 0. 27 o.6o 300.9 0.35

1e~~ Ch4 Copper 2.0 0.38 0.86 429.2 c.61

~~ ‘~2 Mica 3.0 0.25 o.56 395.2 0.47

50% CE14 Copper 2.3 1.02 2.32 351.1 1.55

in C2 Mica 3.0 0.68 ~.56 373.1 1.30

6% C2H2 Copper 2.0 0.96 1.96 Neg. 0.75

in Air Mica 3.0 0.66 1.30 0.52kemp.

5% C2H2 Copper 2.0 0.86 1.68 I~eg. 578 0.58
in Air Mica 3.0 0.58 l 3 .~ 

I~ iit. ~~ 0.41

10’~ C2H2 Copper 2.0 0.80 1.68 1496.6 0.83

in Air Mica 3.0 0.54 1.1.2 873.2 0.59
30’. H~ Copper 2.0 0.148 1.38 532.3 844 3.56
in Air Mica 3.0 0.32 0.92 583.8 35’
140% ~~ Copper 2.0 0.36 1.06 345.7 0.37

in Air Mica 3.0 0.26 0.72 340.9 0.62

50% H2 Copper 2.0 0.52 1.36 319.9
in Air Mica 3.0 0.34 0.92 320.1

Fr~~ Eq. 7\
Fr~~ Eq. 

(5~
—- Fr~~~Zq. 9)

I

77 

- ___i 

-
-

I - - - - - -  

. ‘ 
— - -

~~~~~~ -~
- -~ ~~~~~~~~~~ ~-:~ 

- •- -~~~~~ - C :  ~~~
—

~~~
-
~~
-- --- -



- - . -.-~ . --- . - 

Table ~~~~~ . C~~psrison of Measured ~aenching Distances of !~rdrogen-~~~rgen-
Inert Gas Mixtures ‘with Those Predicted by Ther~a.1 Model

Measd. Measd.
~~~~fl0h . Va1~ie ~iench. ~~“eh. I~~it. I~~it. ~iench.

Gas Plate of Q Diet.’ Diet.” 1~~p.” Tenp. Diet.
Mixture Material Taken (=) (~~) (K ) (K ) (~~)

55.6% If.
214.14% H2 Copper 2.0 0.84 1.66 909.6 0.88
+20% 02+

55.6% 11.
29.14% H2 copper 2.0 0.80 1.50 15146.7 0.80
+35% 0~+

55.6% He
31.4% H2 Copper 2.0 0.88 1.60 527.2 1.11
+13% 02+

55.6% fe
24.4% H2 Copper 1.5 0.1.8 2.36 629.6 0.55

+

55.6% Ar
H2 Copper 1.5 0.1.0 1.92 587.3 71.6 0.1.9

+15% 02+ 
(3’)

55.6% Ar
31.4% H2 Copper 1.5 0.44 1.96 380.6 0.78
+1.3% 02+

55.6% Ar
24.14 H2 Copper 1.5 0.64 2.48 1071.9 0.67

+20502+

55.6% H2
29.4% H2 Copper 1.5 0.52 1.88 1424.7 7140 0.76
+1% 0

2
+ (3’)

55.6% N2
31.14 H2 Copper 1.5 0.52 1.84 0.89
+13% 02+

55.6% N2
24.14 H2 Copper 1.5 1.04 5.00 Nag. 0.90
...Or~ 0 + I~~it

~ 2 1~~p.
55.6% 002
29.14 H2 copper 1.5 0.68 3.20 520.8 783 0.81

+1% 02+ 
(36)

55.6% Co2
31.1% H2 Copper 1.5 0.72 3.32 1426.8 0.95

+13% 02
+

‘ Fr~~~Eq. (7 )
“ Fr~~~Eq. (8)

““ Fr~~~Eq. (9)
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for certain gas mixtures not even the order of m~.gn~1tude of the i~ iition
temperatures is obtained . According to Tables XXIX aM )00(, some
i~ iition temperatures are even negative; e • g •, those of acetylene-air
and. hydrogen-o~ rgen-carbon dioxide mixtures. Actually the i~ iitiontemperature of a gas mixture does not vary appreciably with composition37 ;
however the theoretica.1. values fluctuate as much as 1000 K.

To rule out the possibility that the measured quenching distances
are in error, the quenching distances for various fuel-oxidizer mixtures
measured with cooled copper plates were used to calculate the mlnlnmm
igaition ener~ r for these mixtures by means of an equation developed by
Williams33;

Hmin = d~ ?~ (T~ - T0) /u.~. cal, (10)

where

= minimum igrition ener~ r in cal,

= thermal conductivity of the gas mixture at room temperature
in cal/s cm K,

TF = flame temperature in K ,

T0 = temperature of unburned gas in K,

UF = measured flame speed in cm/s , and

= quenching distance as measured with cooled copper plates in
cm.

The results of these calculations are given in Table XXXI . The measured
minimum igaition energies have been taken from Lewis and von Elbe.21

A comparison of the calculated minimum igaition energies derive d
from Eq. (10) with quenching distances measured in this investigation
for the various fuel-oxidizer mixtures and those measured directJ..y by
Lewis and. von Elbe is shown in Table ~00CI . According to this table ,
measured minimum igaition energies agree fairly well with calculated
values. In view of the fact that Eq. (10) does not include diffusion
effects , this agreement must be considered as satisfactory. Hence it
is concluded that the experimental quenching distances reported in this
investigation are quite accurate and. that the theoretical expression for
the quenching distance, including the effects of thermal conductivity
and diffusion [Eq. (8)] ,  predicts at least the order of magaitude of the
actual quenching distances of any combustible gas mixture.
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Table XXXI. Comparison of Calculated and Measured Minimum Ig-
nition Energies of Various Fuel-Oxidizer Mixtures 

L

Calculated Measured
Gas Quenching Minimum Ignition Minimum I~ iitionMixture Distance Ener~ r Ener~~~

1
( )  ( cal) ( cal)

10% Methane 2.15 1.161 x l0~~ 0.72 x l0~~ 

—

in Air

l~O% Methane 0.61 2.0112 x io.6 
~130 x io

_6

8% Acetylene 0.58 2.361 x

30% Hydrogen o.~8 ~.362 ~ 10
-6 

~~50 x

29.11% Hydrogen -6 -6+ 15% Oxygen + 0.80 8.8143 x 10 10.52 x 10
55.6% Helium

29.11% Hydrogen -6 -6
+ 15% Oxygen + 0.119 2.969 x 10 2.15 x 10
55.6% Argon

29.11% Hydrogen -6 -6
+ 15% oxygen + 0.76 6.096 x 10 11.35 x 10
55.6% Nitrogen

29.11 % Hydrogen
+ 0.8]. 9.~82 x io 6 9.20 x

Dioxide
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Althou.gh in a rigorous derivation of expressions for the rate of flame
propagation and quenching distances not only diffusion and heat transfer
but also the chemical reaction rates and. the mechanism should be included,
it appears that under many conditions one of these three processes is
predominant so that an equation based on this process alone will produce
results which agree with experimentally obtained data. Thus Simon et a1.~~and Berlad~~ derived equations which were based on radical diffusion
alone and were successful in predicting the correct quenching distances
of fuel-oxidizer mixtures burning at subabnospheric pressures. Strauss

38 have measured the burning velocities of many fuel-oxidizer - 
-mixtures at very high pressures . They observed that flame speeds of

fuel-oxygen mixtures increased significantly with increases in pressure,
whereas those of fuel-air mixtures decreased slightly when pressure was
increased. They concluded that heat transfer is primarily responsible
for the increase and. diffusion becomes predominant when pressure neither
affects the degree of dissociation nor the temperature gradient in the
flame zone.

Thermal conductivity and diffusion coefficients depend on temperature
and gas composition in a very complicated manner (Appendix B and Ref.
39) . For this reason it is very difficult to write down explicit
algebrai c equations for principal equations of change for flame propagation.

Although this study has shed some light on the mechanism of flame
attenuation and quenching much work still remains to be done to develop
criteria which can be used successfully for the design of flame quenching
devices. Specifically, more detailed and quantitative spectroscopic
studies are needed to elucidate the effect of quenching on the reaction
mechanism. Also, the analysis of the flame gas by means of mass spectro-
metry should be included in an effort to determine the chemical reaction
rates and the role of diffusion .

V. CONClUSIONS

From the present experimen tal as well as theoretical work on flame
quenching the following conclusions can be drawn:

1. Flame quenching distances of 1 mninar flames of various fuel-oxidizer
mixtures were found to be independent of the speed and. Reynolds
number of the unburned. gas and. also unaffected by the geometry of
the burner .

2. Flame quenching distances depend. on thermal conductivity, diffusion
coefficient, heat capacity, flame temperature, gas composition, and
flame speed of the combustible gas mixture .

3. Flame quenching distances also depend on the nature of material
of the quenching surface.
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11.. Spectroscopic studies of flame quenching have shown that some of the
radicals present in the unquenched flame may not exist at all or at
least appear only at extremely low concentrations in the partially
quenched flames. This observation is an indication that the
reaction mechanism of the unquenched flame is modified by the des-
truction of certain radicals by the quen~bing process.

5. Measurements of rotational flame temperatures of both unquenched
and partially quenched flames have shown that flame quen~hirig leads
to nonequilibrium conditions in the flame zone.

6. A theoretical expression for the quenching distance based on a
s:Implified mathematical model of the flame has been developed. Boththermal, conduction and mass diffusion have been taken into con-
sideration . The quenching distances predicted by this theory are
in satisfactory agreement with the experimentally determined values.

t
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TRANSITION FROM DEFLAGRATION TO DETONATION AT VERY LOW TEI~ ERA~JRES

Although it has been established very clearly that flames propagating
into explosive gas mixtures , which are cooled to cryogenic temperatures ,
form detonation waves after extremely short distances of travel, the
reason for this ~1ienomenon is not well understood . Since the normal
f lame speed is greatly reduced. as the temperature of the unburned gas
is lowered, the drastic reduction in the measured induction distance
must be caused by gas dynamic effects. Since the speed of sound in the
cold gas mixtures is lower than at room temperature , the initial compres-
sion wavelets may coalesce to form a shock wave preceding the combustion
zone at a closer distance from the flame front. However, - the speed of
sound is proportional only to the square roo t of the gas temperature ,
whereas the normal rate of flame propagation was found to be direct ly
proportional to the temperatur e of the unburned gas . Since all ex-
periments in the low temperatur e range were carried out at ataospheric
pressure , the initial density of the unburned. gas increased with de-
creasing temperature . Therefore , it was assumed that this increase in
the gas density is responsible for the decrease in detonation induction
distance . However , a few experiments carried out with fuel-air mixtures
in which the nitrogen was replaced by both high molecular mass (e.g.,
argon) and low molecular mass ~helium) gases produced results which
app ear to be at variance with the theory that initial density has a direct
effect on the detonation-induction distance . Since any combustion pro-
cess , started in a pre-mixed explosive gas mixture, in principle can
occur at constant pressure (Bunsen flame with ~p — 2 to 14 cm H2O), or at
constant volume (weak detonation), it may be expected that a flame
propagating from the point of ignition into a large volume of combustible
gas initially must start out at conditions between these two extreme
cases. According to our observations , the pressure behind the flame
front rises very rapid .ly to the value of the stable detonation wave when
the initial gas temp eratur e of’ the combustible gas mixture is low,
whereas it r emains unchanged for a long distance when the initial gas
temperature is raised to room temperature or above . We concluded from
this fact that the induction distance is indeed a simple function of
the initial gas density. To obtain a quantitative relationship between
the conditions of the initial gas and the induction distances a series
of experiments has been started with various fuel-oxygen-inert gas
mixtures at various initial temperatures and pressures.
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THE EFFECT OF ‘IUR3JLENCE ON THE BATE FORMATION OF DETONATION WAVES

Previous experiments carried out in closed tubes equipped with a
fan near the ignitor to create an initial turbulence in the gas prior
to ignition did. not reveal any effect of this turbulence on the in-
dnction distance. It was concluded that the turbulent motion of the
unburned gas ceased before the flame propagated into the gas. Therefore,
a new detonation tube has been constructed for the study of the effect
of initial turbulence in the unburned gas mixture on the induction
distance. This tube has an open end so that the gas can be passed through
the tube at various speeds prior to ignition. A special device will be
used to generate different turbulence levels in the flow and the gas
will be ignited at various distances from the closed end of the tube
where the combustible mixture is introduc ed.
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APPENDIX A

GAS ANALYSIS

The gases used. for studying the attenuation and quenching of flames
were either ccemercial or technical grades . Compress ed air was supplied
by this laboratory . Conventiona l techniques were app lied to dry and
purify the air which then was stored in lar ge tanks . The analysis of
the c~~~ercial gases was furnished by the supplier as typical ana lyses
of sample lots • The composition of the various gases and. the
manufacturer ’ a name are listed below:

Methane : Technical Grade Mathe son Company

methane 93.63%
nitrogen 3.1%

propane 2.5%

carbon dioxide 0.6%

The remAini ng impurities consist of butane, pentane , hexaue, heptane ,
and su1~hur

Hydrogen : Regular Grade Air Reduction Corporation

hydrogen 99.3% - 99.6%
o~ rgen 0.5%

moisture comprises remaining impurity.

O~ rgen: C~~~ercia]. Grade Burdette Company

o~~rgen 99.5% (minimum)

moisture B grains per ft. 3

Helium: Grade A Matheson Company

argon 99.995%
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containing traces of hydrogen, methane, o~ rgen, moisture, neon, nitrogen,
argon, and carbon dioxide.

~ I
Argon: Grade A t4atheson Company

argon 99.995%
containing traces of o~~rgen, hydrogen, nitrogen , and carbon dioxide .

Nitrogen: C~ wnercial Grade Matheson Company

- nitrogen 99.9118%

containing traces of o~~gen, moisture, carbon dioxide, and argon.

- Carbon Commercial Grade Matheson Company
Dioxide :

- containing traces of nitrogen, moisture, and o~cygen.

1_ i
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APPENDIX B

CALCULATION OF T1~~BMAL CONDUCTIVI TY OF PURE GASES AND
GAS MIX’1~JBES USED FOR FLAME ~ JENCHING E~~ERIMENTS

PURE MONO AND POLYATOMIC GASES

For thermal conductivi ty values at room temperature for monoato inic
and polyatcinic gases, the experimental values given in Ref . (31) were
taken and for calculations at 1500 K the procedure given by Penner40 was
used. When experimental values of the coefficients of thermal con-
ductivity were available , they were used. For a pure monoatoinic gas, i,
the coefficient of thermal conduc tivity, ?~ , to a first app roximation
is given by the followl.ng equation reported by Penner40:

~~ _ _ _ _ _ _— 1.99 x 1O~ 2 ~(2,2)* 
cal/cm s K, (11)

o•i i

where

= temperature of gas I in degrees K,

i?t = molecular mass of gas I In g/mole,

°
~ 

colli sion diameter for the gas I in A, and.

— collision integral which depends on the parameter ,
I T* =kT1/c ,

where

k — Boltzm~~n’ a constant
112

end

- ener~ r of a molecule.

For a pure polyatomic gas the coeff ic ient of thermal conductivi ty is
given by the following approximate relati on as suggested by Penner40:
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H 1~/~fl (12)
t .  _4~~4 i I / 4 Cvi ~\

— 99 x 10 
~2 ~(2,2)* ~~~ 

+ 5/ in cal/cm a K,
i i

where

— molar heat capacity at constant volume for species I.

The factor (
~ ~~~ 

+ is known as Eucken approx imation which takes
into account the trans er of ener~~r between the translational and in-

ternal ener~ r niodei . The values of ~~~ ç~(2 ,2)* and c/k are tabulated
by Hirschfelder et a1.~~ for all gases used in this investigation.

The results of these calculations are tabulated in Table ~Oa at
293.15 K and 1500 K. Temperature of 1500 K was considered to be
representative of all flames studied.

COEFFICIENTS OF THERMAL CONWCTIVITY OF VARIOUS GAS MIXTURES

Methods for calculating the coefficients of thermal conductivity
of mixtures of monatanic and polyatomic molecules are available •
These calculations are laborious and usually not very reliable because
of the uncertain ener~~ transfer between translational and. internal
degrees of freedom.40 For this reason the coefficients of thermal con-
ductivi ty of gas mixtures will be estimated by use of empirical
relations 40

For two-component mixtures, with large difference in thermal con-
ductivity between the two components , the following formula, given by
Penner,40 yields useful approximations:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
; (13)

and for binary mixtures, with similar thermal conductivities for twoI chamical species, the formula is40

1 ~I 3 
+ 

12 ( 11.)
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where

— coefficient of thermal conductivity of mixture of
gases in cal/cm s K,

- coefficient of therma l conductivi ty of the lighter
constituent in cal/cm s K ,

— coefficient of thermal conductivi ty of the heavier
constituent in cal/cm s K , and.

— mole fractions of species 1 and 2, resp ectively.

The results of these calculations are given in Table ~CCtI • For ternary
gas mixtures the thermal conductivities were calculated by the method
given by Friedman.15 Only one composition of each fuel-oxidizer system
has been tabulated .

HEAT CAPACITIES OF VARIOUS GAS MIXTURES

The heat capacities, c , of the various gas mixtures were
~mix

calculated by assuming that they are simple linear combinations of those
of the constituents as given by the following formula:

c = T ~1c + 1 2c + 1 ~~c + ----

~mix p1 p2 ~~p3

— Z1~~C , (15 )
i p1

where c denotes the specific heat at constant pressure of the speciespi
I at the desired temperature . The calculated values of c for thepinix
various gas mixtures are given in Table ~~~II.

CALCULATION OF COEFFICIENTS OF DIFFUSION OF HYDRO(~ N A~ 1(S,
OXY~~N ATC~4S, AND }~ DROXYL RADICAL IN MIXTURES OF VARIOUS

GASES AT ROOM ~~~~ERATUBE AND 1500 K

According to Chemical Engineers’ Handbook, ~~ the effectiveness of
a diffusing species A in a mixture of gases is given by

I
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h DA, - 
(1B/DAS)~~~~c/DAC)+(1D/DAD) 

‘

where

1A’ 1B’ ~~~ 
and 1D are the mole fractions of the species A, B,

C , and D , respectively , and

D~~ , DAC, DAD are the binary diffusion coefficients of
- species A with species B, C , and. D, res-

pectively.

To calculate binary diffusion coefficient s , an app roximate method
developed by GiUI1 ,md~~ may be used . This method gives uncertainty of
20% in the experimentally.’ computed values at the most.

According to Gilluland we have

DAS — 0.0011.3 
1 

T /2 
\ 2 + cin2/s , (17)

where

T = temperature in ~( ,

p = pressure in a~~,

- ~~~~~~ = molecular masses of species A and. B, resp ectively,1~ 
in g/mole, and

- 
VA, VB = molal volume ( atomic volume) of liquid at normal

boiling point in cc/g mole ( cc/g atom) , resp ectively,
of the species A and B.

The results of these calculations are shown in Table s ~0CIV- XXVI .
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